Introduction
Diabetes mellitus is a severe ailment that has been listed as prevalent chronic ailment in many countries [1] . Inadequate physical exercise, imbalanced diet, obesity, excessive alcohol consumption, environmental influence and viral infection are the common risk factors known to increase the possibility of diabetes. These unhealthy behaviors result in improper metabolism of carbohydrates, proteins and lipids, leading to metabolic disorders such as hyperlipidemia Objective: To evaluate the antioxidant and antidiabetic mechanism(s) of ethyl acetate extract fraction of Moringa oleifera (M. oleifera) leaves on streptozotocin-induced diabetes in male Sprague-Dawley rats. Methods: A total of 24 adult male rats were segregated randomly into four groups (6 rats each group). Streptozotocin-induced diabetes rats were given (oral gavage) and hyperglycemia [2] . The pathological disorders related to diabetes such as nephropathy, foot ulcers, retinopathy and sexual dysfunction are common [3] [4] [5] . The common treatment of diabetes in elderly people is oral hypoglycemic drugs and diet control [6] . However, the hypoglycemic drugs are only able to control blood glucose level instead of curing the disease. Discovering the potential therapeutic treatment for diabetes remains a challenge for many decades. The detailed etiological factor of diabetes is still unclear yet, compromised antioxidant defense system, elevated oxidative stress and increased lipid peroxidation are notably having vital roles in the progression and manifestation of the disease [7, 8] . Therefore, a largescale research is conducted on medicinal plants with antioxidant potential, as an alternative to the current treatment for diabetes [9] .
Plants are natural source of antioxidants which are known to have therapeutic potentials for various diseases [10] . In that case, Moringa oleifera (M. oleifera) Lam (Moringaceae), or horsera dish plant, is learned to possess high nutrient contents such as iron, calcium, vitamins A, C, D & E, phosphorus, zinc, potassium, manganese and protein along with high contents of antioxidants such as flavonoids, phenolic acids, tannins, saponins, glucosinolates & isothiocyanates, and many more bioactive compounds [11] [12] [13] . The whole plant, including bark, root, stem, leaves, flowers, pods and seed, is used for medicinal purpose and as nutrient consumption traditionally by the Indian people [14] . This is a reason for M. oleifera to be called as the God's gift to man or as the tree of life, since the whole tree, which is rich in nutrients and antioxidants, can be consumed for betterment of human health [15] . The antioxidant potential of M. oleifera with numerous pharmacological values is well-described in recent reports [16, 17] . Pharmacological evidences of M. oleifera have shown anti-inflammatory, anti-fungal, anti-diabetic, hepatoprotective, antimicrobial, diuretic, anti-hypertensive, wound healing, anti-ulcerative and anti-cancer properties [18, 19] . Antioxidants identified in M. oleifera that include vanillin, epicathechin, p-coumaric acid, ferulic acid, quercetin, kaempferol, cinnamic acid, chlorogenic acid, caffeic acid and glucosinolates (glucomoringin) are assumed to be responsible for the therapeutic potential of this plant [8, 19] . Many medicinal plants are proven to possess remedy properties for curing diabetes mellitus. M. oleifera is notable for its medicinal and nutritional contents and has been reported to possess strong antioxidative and antidiabetic effects.
Anti-diabetic properties of M. oleifera have been proven in few previous studies [9, 20, 21] . Aqueous and methanolic leaf extracts of M. oleifera are described to have anti-hyperglycemic effect on alloxaninduced diabetic mice and streptozotocin (STZ) induced rats, due to high contents of antioxidants [2, 8, 14, 17, 19, 22] . Through this research, we evaluated the anti-diabetic mechanism(s) of M. oleifera leaves in ethyl acetate extract fraction on STZ-induced diabetic adult male rats. The ethyl acetate extract fraction of M. oleifera was chosen for this study since this fraction is documented to possess antiinflammatory effects in lipopolysaccharide-induced macrophages, along with high antioxidant content and significant wound healing properties on normal and diabetic human dermal fibroblasts [23] [24] [25] . To our knowledge, we are the first to report the anti-diabetic potential of ethyl acetate extract fraction of M. oleifera on STZ-induced diabetic rats.
Materials and methods

Plant collection and extract preparation
Mature leaves of M. oleifera were harvested from the University's garden in February, 2017. Then the leaves were washed and air dried. The plant material was verified by a botanist according to its taxonomy (voucher number SK 1561/08). Dried leaves were ground to powder and extracted at room temperature with 90% ethanol. Extracts were concentrated under vacuum pressure using rotary evaporator (Buchi Labortech AG, R215) and lyophilized to obtain crude powder. The crude extract fraction was subjected to liquidliquid extraction with ethyl acetate in a separating funnel and the ethyl acetate fraction was collected. Residual extract fraction was reextracted with ethyl acetate following the same method. The filtrates were combined, concentrated, lyophilized and placed in -20 曟 for further use.
Animals
Sprague-Dawley rats of 8-12 weeks old, weighing 200-250 g were procured from the University's animal facility. Animals were segregated into four groups (6 rats each group) and acclimatized for one week prior to experiment. The rats were exposed to normal light cycle, (55 ± 5)% humidity at room temperature with water and chow ad libitum. All animals were cared in accordance to the National Institute of Health's ethical guidelines and our institute's Animal Ethics Committee (IAEC No. 04/011/09).
Experimental protocol
All the animals were fasted overnight before the start of experiment. Diabetes was induced with STZ for all the animals except for the normal control animals (Group 1). The blood glucose levels of diabetic induced rats were checked after 3 days of STZ induction through tail vein puncture to confirm hyperglycemia. Animals of Group 1 were treated with distilled water alone (control). Group 2 animals served as diabetic control, induced with freshly prepared STZ (i.p.) at 55 mg/kg b.w. in citrate buffer (0.1 M, pH 4.5) [26] . Animals of Group 3 served as experimental group, which was given STZ and M. oleifera extract fraction (oral gavage) at a dose of 200 mg/kg b.w. for 30 consecutive days. Group 4 animals served as positive control, which was given STZ and 5 mg/kg b.w. [26] of glibenclamide (oral gavage) for 30 consecutive days. After 24 hours of final dose of drug, blood was extracted and rats were sacrificed to excise the pancreas which was washed with ice-cold phosphate buffered saline after excision. The blood samples were centrifuged at 4 000 rpm for 10 min at 4 曟 to obtain the serum for biochemical analysis. A portion of the pancreas tissue was stored in 10% formalin for histopathological analysis and the rest of the tissue was homogenized and centrifuged at 13 000 rpm at 4 曟 for 20 min. Resulting supernatant was subjected to biochemical analysis. Moreover, the animal body weight, feed efficiency ratio, food and water intake, relative kidney and liver weight were recorded.
Serum biochemical analysis
Blood glucose monitoring system (AP-Plus ® , Mednet, Germany) was used to determine blood glucose levels. Glycosylated hemoglobin (HbA1c) levels were determined by anion exchange method using commercial kit (LifeChem ™ GHb, Hyderabad, India) in accordance with standard protocols described by manufacturer. Serum insulin levels were measured with Insulin Mouse ELISA kit (American Diagnostica Inc., CA, USA). Serum creatinine, total protein, globulin and albumin concentrations were determined using a Randox kit with an automated Randox Daytona analyzer (Randox Laboratories Ltd., USA) following protocols from the manufacturer. Serum alanine aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST), total cholesterol (TC), lactate dehydrogenase (LDH), triglycerides (TG), low-density lipoproteincholesterol (LDL-C) and high-density lipoprotein-cholesterol (HDL-C) levels were estimated using the appropriate kit (Stanbio Reagent kit, TX, USA) following the manufacturer's instructions. Serum IL-1 毬 levels were measured with RayBio ® Rat ELISA kit (Ray Biotech Inc., Georgia, USA) according to the standard protocols of the manufacturer.
Biochemical analysis of pancreatic tissue
Lipid peroxidation levels in pancreatic tissue were determined spectrophotometrically from the reaction of malondialdehyde (MDA) with thiobarbituric acid conjugate formation at 535 nm. The results were stated as nanomole of MDA formed per milligram protein. Superoxide dismutase (SOD) activity was measured by rate of inhibition of pyrogallol auto-oxidation on a spectrophotometer at 470 nm. Glutathione peroxidase (GPx) activity was estimated spectrophotometrically at 340 nm by the rate of nicotinamide adenine dinucleotide phosphate oxidization. Activity of glutathione S-transferase (GST) was measured by the rate of 1-chloro-2,4-dinitrobenzene -conjugate formation spectrophotometrically at 340 nm. Catalase (CAT) activity was estimated by monitoring the decomposition of H 2 O 2 spectrophotometrically at 240 nm. Levels of reduced glutathione (GSH) were measured through spectrophotometrical measurement of 5-thiol-2-nitrobenzoic acid formation at 412 nm. Vitamin C (Vit-C) concentrations were estimated spectrophotometrically at 520 nm by the rearranged formation of bis-2,4-dinitrophenyl hydrazine. Vitamin E (Vit-E) concentrations were estimated by ferric ion reduction measured spectrophotometrically at 536 nm. Bradford method was employed for protein estimation in each sample using crystalline bovine serum albumin as standard [27] . The pro-inflammatory cytokines TNF-毩 and IL-6 levels in pancreatic tissues were determined with Millipore's MILLIPLEX ® MAP rat cytokine magnetic bead panel kit (Millipore Cooperation, MA, USA) following the manufacturer's guidelines. The assay was conducted on Bio-Plex ® platform (Bio-Rad, USA) and analyzed using Bio-Plex
Manager TM software version 6.0 (Hercules, USA).
Histopathological analysis
The pancreatic tissues fixed in 10% formalin were routinely processed and embedded in paraffin. The tissue sections (5-6 µm) underwent H&E staining following standard protocol. The stained sections were mounted with DPx to be analyzed and photographed under high-resolution light microscope.
Statistical analysis
All data were analyzed with one-way ANOVA (SPSS 19.0, USA) followed by Tukey's multiple comparisons test. P values less than 0.05 (P< 0.05) were considered as significant.
Results
Effect of M. oleifera on the body weight, feed efficiency ratio, food and water intake, relative kidney and liver weight
The effect of M. oleifera on animal body weight, feed efficiency ratio, food and water intake, relative kidney and liver weight were shown in Table 1 . The body weight of Group 2 animals showed significantly reduced weight gain as compared to normal rats of Group 1 (P<0.05). Diabetic rats treated with M. oleifera (Group 3) showed significantly better weight gain (P<0.05) in contrast to diabetic control rats. Rats of Group 4 showed significantly high weight gain similar to that of normal rats in Group 1.
Water and food intake of Group 2 animals were higher (P<0.05) as compared to Group 1 animals. The food and water intake levels were reduced in Group 3 (P<0.05) and Group 4 (P<0.05) towards the level of normal control rats. Feed efficiency ratio that was a measuring rate of weight of animal divided by food intake was also calculated. An average food efficiency ratio of diabetes control rats (Group 2) were significantly lower than Group 1 rats (P<0.05) whereas rats in Group 3 and Group 4 showed higher food efficiency ratio as compared to Group 2 rats (P<0.05).
Relative kidney and liver weight of Group 2 rats were high in comparison with Group 1 rats. The results of Group 3 rats and Group 4 rats showed significantly reduced relative kidney and liver weight (P<0.05) in comparison with Group 2 rats.
Effect of M. oleifera on blood glucose, serum insulin and glycosylated hemoglobin levels
The effect of M. oleifera on serum insulin, glycosylated hemoglobin and blood glucose levels were demonstrated in Figure 1 . Blood glucose and glycosylated hemoglobin levels were significantly elevated in Group 2 animals in comparison to Group 1 (P<0.05). In contrast, glycosylated hemoglobin and blood glucose levels were reduced significantly (P<0.05) towards the normal levels in Group 3 and Group 4 animals. The level of serum insulin in diabetes induced rats of Group 2 was significantly less (P<0.05) than that of normal animals of Group 1. Remarkably, the serum insulin levels were increased (P<0.05) in Group 3 and Group 4 rats as compared to Group 2 rats.
Effects of M. oleifera on serum albumin, globulin, creatinine and total protein concentrations
The effects of M. oleifera treatment on the concentrations of serum globulin, albumin, creatinine and total protein were shown in Table   2 . The concentrations of serum albumin, globulin and total protein were significantly lowered (P<0.05) in Group 2 rats as compared Table 2 Levels of serum total protein, creatinine, albumin and globulin concentrations in four groups of rats. 
Effect of M. oleifera on the lipid profile levels
Lipid profile levels were determined in M. oleifera treated rats as presented in Figure 3 . Diabetes-induced rats of Group 2 exhibited elevated TC, TG and LDL-C levels in comparison with Group 1 rats (P<0.05). The effect of M. oleifera was observed in M. oleifera treated rats of Group 3 as TG, TC and LDL-C levels were reduced (P<0.05) in contrast to Group 2 rats. The level of HDL-C was found significantly less in Group 2 rats in contrast to Group 1 rats while the level was increased (P<0.05) in M. oleifera treated rats of Group 3.
Group 4 displayed similar results as Group 1 for lipid profile levels. 
Alteration of oxidative stress by ethyl acetate fraction of M. oleifera
Lipid peroxidation level of animals in all groups was presented in Figure 4 . Oxidation of lipids in pancreas due to diabetes was measured in terms of MDA formation. The diabetic Group 2 rats showed significantly elevated levels of MDA (P<0.05) compared to normal rats of Group 1. This situation was significantly reversed by M. oleifera in Group 3 which showed lower levels of MDA formation compared with Group 2. There was no significant difference between MDA formation of Group 4 and Group 1 rats.
The concentrations of non-enzymatic and enzymatic antioxidants were determined in the pancreas of experimental and control rats ( Figure 5 ). Concentrations of non-enzymatic antioxidants (Vit-C, GSH, Vit-E) and enzymatic antioxidants (CAT, GST, SOD, GPx) in the pancreas of diabetic Group 2 rats were reduced significantly (P<0.05) in contrast with normal rats of Group 1. This showed that the pancreatic tissues were undergoing oxidative stress where the antioxidants were consumed largely. Interestingly, the ethyl acetate fraction of M. oleifera was able to conserve the concentrations of all the enzymatic and non-enzymatic antioxidants significantly (P<0.05), exhibiting high concentrations of GPx, GST, CAT, SOD, Vit-E, GSH and Vit-C in pancreas of Group 3 rats in contrast with Group 2 rats. The pancreas of glibenclamide treated rats of Group 4 exhibited almost similar contents of non-enzymatic and enzymatic antioxidants to those of normal rats of Group 1. 
Effect of M. oleifera on pancreatic TNF-毩, IL-6 and serum IL-1 毬 levels
The effects of M. oleifera on inflammatory biomarkers IL-1 毬 , TNF-毩 and IL-6 were displayed in Figure 6 . Measurement of IL-6, TNF-毩 and IL-1 毬 in diabetic rats of Group 2 showed significantly elevated levels as compared to normal rats of Group 1. In contrast, treatment of M. oleifera in Group 3 rats significantly reduced the expressions of TNF-毩 , IL-6 and IL-1 毬 in comparison with Group 2. Rats of Group 4 also demonstrated reduced IL-6, IL-1 毬 and TNF-毩 levels. 
Histopathological analysis of pancreas by M. oleifera treatment
Histopathological sections of four groups of rats were shown in 
Discussion
Diabetes is usually induced in experimental animal models through an intraperitoneal injection of STZ, which is cytotoxic to pancreatic 毬 -cells [27] . It is learned that STZ mediates diabetes through free radical formation, eventually causing damage to the pancreatic cells [9] . Studies have shown that diabetes induced rats exhibit similar symptoms of a non-insulin dependent diabetic human such as loss of weight, persistent hyperglycemia, altered insulin secretion, glucose intolerance, and so on [27, 17] . We chose to evaluate the anti-diabetic effect in the ethyl acetate fraction of M. oleifera on STZ-induced diabetic rats, through antioxidant supplementation. It was clearly shown that STZ caused loss of body weight, increase in average water and food consumption as well as relative kidney and liver weight. The enlargement of organs is a sign of acute inflammation which might be due to overproduction of cells (hyperplasia) or hypertrophy [28] . These attributes are signs of diabetes in rats, which are similar to previous studies [2, 8, 19] . Ethyl acetate extract fraction of M. oleifera reversed these symptoms significantly which proves overall protection from diabetes. Safety in oral administration of M. oleifera has been described by Stohs and Hartman [29] , which supports the dose regimen (200 mg/kg b.w.) of ethyl acetate extract fraction in our study.
Excessive oxidative stress causes endothelial cell dysfunction, which is an early feature and crucial metabolic significance of chronic hyperglycemia [30] . STZ-induced rats of Group 2 exhibited low mean serum insulin and significant high mean blood glucose levels (P<0.05), however ethyl acetate fraction of M. oleifera maintained the serum insulin and glucose levels around normal. M. oleifera leaf extract might have stimulated the insulin production by 毬 -cells of pancreas, causing the anti-hyperglycemic effect in diabetic rats. Glycosylated hemoglobin, a marker of ambient glycemia, is formed through non-enzymatic reaction of excess blood glucose with hemoglobin [31, 26] . STZ elevated the glycosylated hemoglobin level (P<0.05) in rats which was reduced significantly by ethyl acetate fraction of M. oleifera (P<0.05). This proves that M. oleifera has antihyperglycemic properties which cause reduction of blood glucose, eventually causing reduced glycosylated hemoglobin level in diabetic rats.
Diabetic condition causes heavy loss of blood protein, causing irregular filtering in the kidney and buildup of toxic wastes [19] .
Globulin, albumin, total protein and creatinine concentrations in serum were determined in experimental and control rats. The diabetic rats of Group 2 showed significantly decreased globulin, albumin and total protein concentrations (P<0.05) and increased creatinine concentration (P<0.05) as compared to normal control rats, which were significantly reversed by ethyl acetate fraction of M. oleifera (P<0.05). This shows the diabetic-induced rats had deranged kidney functions (nephropathy) due to heavy loss of blood protein (albumin and globulin), which are biomarkers in disease state and high creatinine concentration, which is a marker of kidney function [32] . M. oleifera was able to maintain the normal function of kidney in diabetic-induced rats through regenerating and enhancing the kidney function. The increase of TG, TC and LDL-C levels along with reduced HDL-C level are common symptoms of disease in STZ-induced rats, which was exhibited by the diabetic rats of Group 2. Ethyl acetate extract of M. oleifera increased the HDL-C level and reduced the TG, TC and LDL-C levels and these results are similar to other studies reported earlier on lipid profile of diabetic rats treated with plant extracts [33, 34] .
Liver is an important organ in maintaining normal glucose concentration in body, which functions in insulin disposal and produces inflammatory cytokines. Increased levels of serum ALP, ALT, AST and LDH are symptoms of liver damage where the enzymes leak into the bloodstream from cytosol upon hepatic cellular damage [27] . STZ-induced rats of Group 2 also exhibited similar results, proving hepatic damage. Oral administration of M. oleifera was able to prevent the oxidative stress related hepatic damage through antioxidant supplementation. Lipid peroxidation is caused by oxidative stress during diabetic conditions. Oxidative stress due to high production of ROS in diabetic state causes damage to structural biomolecules, leading to dysfunction of organs [19] .
Similarly, enzymatic and non-enzymatic antioxidants play vital roles in scavenging ROS to prevent oxidative stress related organ damage.
Hyperglycemia during diabetic condition could cause depletion of enzymatic and non-enzymatic antioxidants as a consequence of excessive ROS production [35] . Diabetic rats of Group 2 also showed similar results such as elevated MDA level and reduced pancreatic GSH, Vit-C, Vit-E, SOD, GPx, CAT and GST levels (P<0.05). The administration of M. oleifera leaves extract fraction was able to inhibit oxidative stress, proven by reduced MDA level and increased non-enzymatic and enzymatic antioxidants (P<0.05).
Histopathological alterations by ethyl acetate extract fraction of M. oleifera were in agreement with these biochemical results in the structural protection of pancreatic tissues. The anti-hyperglycemic effect of ethyl acetate extract fraction of M. oleifera can be attributed to the phytochemical constituents of the leaves such as flavonoids, terpenoids, alkaloids, saponins, sterols and polyphenols [36, 37] .
Inflammation is a common response in tissues which are damaged by oxidative stress. Pro-inflammatory cytokines such as IL-1 毬 , TNF-毩 and IL-6 are usually triggered during hyperglycemia-induced organ injuries, leading to development of diabetes [19] . These cytokines are associated with the pathogenesis of diabetes and related organ damage as a consequence of oxidative stress. Excessive production of these cytokines causes harm to the pancreatic 毬 -cells thus disrupting insulin production [38] . In this study, ethyl acetate extract of M. oleifera prevented the inflammatory cytokines production from the adverse effect caused by STZ in rats. These details support the anti-inflammatory and antioxidant potential in the ethyl acetate extract fraction of M. oleifera as described by other studies [9, 19] .
Oral administration of M. oleifera has the ability to counteract the ROS formation induced by STZ in rats, which is basically credited to the rich antioxidant content of M. oleifera leaves.
The oral administration of ethyl acetate extract fraction of M. oleifera prevented oxidative stress in STZ-induced diabetic rats through supplementation of antioxidants such as flavonoids and polyphenols. Biomarkers of organ damage indicated that ethyl acetate extract fraction of M. oleifera has the ability to inhibit inflammation induced by STZ in rats, thus protecting the kidney and liver from damage by hyperglycemia. Ethyl acetate extract fraction of M. oleifera also increased the antioxidatives activity and prevented the inflammatory reactions in the pancreas tissue in STZ-induced diabetic rats. Therefore, the anti-diabetic properties in the ethyl acetate fraction of M. oleifera can be credited to the rich antioxidant content and anti-inflammatory mechanism promoted by the extract.
Further research is recommended to be performed on the individual phytochemical constituents in the ethyl acetate extract of M. oleifera for anti-diabetic and anti-inflammatory potentials.
